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16 Abstract: Palmitic acid metabolism involves delta-9 and delta-6 desaturase enzymes forming
17 palmitoleic acid (9cis-16:1; n-7 series) and sapienic acid (6¢is-16:1; n-10 series), respectively. The
18 corresponding biological consequences and lipidomic research on these positional MUFA isomers
19 are under development. Furthermore, sapienic acid can bring to the de novo synthesis of the n-10
20 polyunsaturated fatty acid (PUFA) sebaleic acid (5cis,8cis-18:2), but such transformations in cancer
21 cells are not known. The model of Caco-2 cell line was used to monitor sapienic acid
22 supplementation (150 and 300 uM) and evidence the formation of n-10 fatty acids as well as their
23 incorporation at levels of membrane phospholipids and triglycerides. Comparison with palmitoleic
24 and palmitic acids evidenced that lipid remodeling was influenced by the type of fatty acid and
25 positional isomer, with increase of 8cis-18:1, n-10 PUFA and decrease of saturated fats in case of
26 sapienic acid. Cholesteryl esters were formed only in case of sapienic acid. ECso of sapienic acid

27 (232.3 uM at 96 hrs) was the highest found among the tested fatty acids, thus influencing cell
28 viability that was only reduced at 25% at 300 puM, whereas palmitoleic acid induced cell death.
29 Two-photon fluorescent microscopy with Laurdan as a fluorescent dye provided information on
30 membrane fluidity, highlighting that sapienic acid increases the distribution of fluid regions,
31 probably connected with the formation of 8cis-18:1 and the n-10 PUFA in cell lipidome. Our results
32 bring evidence for MUFA positional isomers and de novo PUFA synthesis for developing lipidomic

33 analysis and cancer research.

34 Keywords: positional isomerism; PUFA biosynthesis; membrane remodelling; membrane
35 lipidomics; lipidomic analysis; fluidity; functional two photon microscopy

36

37  1.Introduction

38 The role of lipids in health is well known and lipidomics offers very powerful tools for the
39  investigation of lipid involvement in disease onset and progress [1-3]. In particular, fatty acid-based
40  membrane lipidomics and the corresponding molecular profiles provide insights of the naturally
41  occurring and spontaneous process of lipid assembly combined with stabilized dietary intakes and
42  Dbiosynthesis [3]. Fatty acids are necessary building blocks for membrane phospholipid structures,
43 regulating biophysical properties such as fluidity, dynamic features, and membrane protein
44 functions, and have crucial importance for tumor development and disease progression [4,5].
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45  Eukaryotic cells needs polyunsaturated fatty acids (PUFA) to form their membranes, however in
46  cancer cells PUFAs exert various roles. In particular, phospholipase enzymes detach n-6 PUFA
47  residues from membrane phospholipids, thus starting signaling cascades for proliferation,
48 inflammation, and other crucial cellular processes [6,7]. Fatty acids also accumulate as intracellular
49  triglyceride depots, which are necessary both for cell energy and lipotoxicity control [8,9].
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51 Figure 1. Biosynthetic access to three fatty acid series starting from palmitic acid: 1) n-7 series (blue
52 box) formed via a first direct desaturation step to palmitoleic acid (9cis-16:1) by delta-9 desaturase
53 (stearoyl-CoA desaturase, SCD1) creating a double bond in C9-C10 position, followed by elongation
54 to vaccenic acid (11cis-18:1); 2) n-9 series (green box) with oleic acid (9cis-18:1) formed in two steps,
55 including elongase enzymatic activity from palmitic to stearic acid (18:0) and subsequent
56 desaturation creating the double bond in C9-C10 of the 18 carbon atom fatty acid chain; the beta
57 oxidation step from oleic acid also brings to another MUFA of the n-9 series, i.e., 7cis-16:1; 3) n-10
58 series (purple box) with the formation of sapienic acid (6cis-16:1) by delta-6 desaturase activity on
59 palmitic acid followed by the elongation step to 8cis-18:1. The subsequent fate of 8cis-C18:1 is the
60 transformation into a n-10 polyunsaturated fatty acid, 5cis,8cis-18:2 (sebaleic acid) via delta-5
61 desaturase enzyme.
62 Saturated fatty acid (SFA) biosynthesis starts with palmitic acid (16:0) by Fatty Acid Synthase

63 (FAS), which is studied in obesity [10] and cancer development [11]. The subsequent transformation
64  of SFA into monounsaturated fatty acids (MUFA) occurs by desaturase enzymes [12-14]. Desaturase
65  enzymes convert the linear structures of SFA into the bent molecular shapes of MUFA, that
66  contribute to fluidity and permeability of the membrane bilayer. Being stearoyl-CoA desaturase 1
67  (SCD1) a crucial enzyme for cell proliferation, strategies for its inhibition represent a novel challenge
68  for therapeutic approach in cancer [15-17]. It is worth underlining that desaturase enzymes insert the
69  double bond in a regioselective manner (i.e., delta-9 desaturase inserts the double bond always in
70 C9-C10 of the fatty acid chain), and also in a stereoselective manner, which means the double bond
71  to be exclusively formed in the cis geometry that imparts the bent molecular shape. Therefore,
72 biosynthetically produced MUFAs, such as palmitoleic and sapienic acids, can be used to monitor
73 the endogenous formation of the unnatural trans geometry by a free radical mediated isomerization
74 process of these natural cis isomers [18].

75 The biochemical pathways to the three fatty acid families from palmitic acid are depicted in
76  Figure 1: a) formation of the n-7 MUFA series by delta-9 desaturase (SCD1) with palmitoleic acid
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77 (9cis-16:1), subsequently transformed by elongation into vaccenic acid (11cis-18:1); b) formation of
78  the n-9 MUFA series with oleic acid (9cis-18:1), obtained by elongation of palmitic to stearic acid
79 (18:0) and subsequent desaturation by delta-9 desaturase; c) the formation of the n-10 MUFA series,
80  was more recently added to this scenario, with the palmitic acid transformation by delta-6
81 desaturase to sapienic acid (6cis-16:1) followed by the elongation step to 8cis-18:1 [19-23]. It is worth
82  noting that only with the n-10 fatty acid series the de novo synthesis of a PUFA, sebaleic acid
83 (5cis,8cis-18:2), can occur. However, this step has never been associated to cancer cells and not much
84  is known about biological and metabolic consequences. Lipidomic research on MUFA positional
85  isomers of the n-7, n-9 and n-10 series is under development. Cao and Hotamisligil reported
86  palmitoleic acid for its lipokine-like activities [24]. Later on, mitogen activity was also reported [25].
87 It is a known biomarker of desaturase activity in obesity [26] and more recently was envisaged as
88  marker of endogenous desaturase activity and risk of coronary heart disease in the CAREMA cohort
89  study [27], as well as precursor of an active metabolite in phagocytic cells [28]. The n-10 MUFA
90  sapienic acid, positional isomer of palmitoleic acid, was first detected in triglycerides of human
91 sebum [19,20], as well as in hair, nails and sebum samples [29], discussing its presence in tissues to
92 derive from interaction with bacterial environment. We were the first to report sapienic acid as
93 component of human red blood cell (RBC) membrane phospholipids and of plasma cholesteryl
94  esters [21], and to evidence its biomarker potential in morbidly obese patients [22]. Palmitic acid and
95  n-3 and n-6 polyunsaturated fatty acids (PUFA) are competitors for the delta-6 desaturase enzyme,
96  and actually the partition of palmitic acid between delta-9 and delta-6 desaturase pathways starts to
97  be envisaged as a key metabolic step in health and diseases [23]. The n-7, n-9 and n-10 MUFA
98  positional isomers offer a challenge for analytical characterization, adding another n-9 MUFA
99  7cis-16:1 to this scenario, recently identified in foamy monocytes and proposed as biomarker of early
100  detection of cardiovascular disease [30]. As shown in Figure 1, it is formed by beta-oxidation of oleic
101 acid. It is worth noting that MUFAs can be present in lipid pools as triglycerides and cholesteryl
102 esters, as well as are components of membrane phospholipids, thus influencing cell biophysical and
103 biochemical outcomes [5,31]. In our research on fatty acid supplementations in different types of
104  tumoral cells we evidenced the crucial role of the membrane phospholipid remodeling via
105 phospholipase A2 (PLA2) activation (i.e., the Lands’s cycle) [31-36]. So far the fate of sapienic acid in
106  cancer cells is unknown.
107 Based on these premises, we wanted to examine the fate of sapienic acid, the positional isomer
108  of palmitoleic acid, in particular monitoring its metabolism to the de novo synthesized PUFA sebaleic
109  acid, a new pathway in cancer cells. We chose the model of Caco-2 cells that derives from a
110 colon-rectal neoplasia and is extensively used to study the effect of diet, toxics, nutraceuticals and
111  pharmaceuticals in human intestinal epithelium [37]. Moreover, fatty acid supplementations are
112 well described in this cell line for palmitic acid at 50-100 pM in comparison with oleic acid and
113 various PUFA such as arachidonic, eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids [38],
114 as well as with other cis and trans unsaturated fatty acids [39].
115 Here we report the fatty acid-based lipidome analysis of Caco-2 cells treated with palmitoleic
116  and sapienic acids at two concentrations (150 and 300 uM), following up also cell morphology,
117  viability, apoptosis markers (such as caspase 3/7 and p38 activation), cPLA2 activation, and the cell
118  fluidity status. The saturated fatty acid palmitic acid was also used for comparison. Cell fluidity was
119  determined using two-photon fluorescent microscopy with Laurdan as a fluorescent dye, highly
120 sensitive to the presence and mobility of water molecules within the membrane bilayer by a shift in
121  its emission spectrum, its use being described in several contexts [40-41].
122 These data provide the first information on how the difference in the double bond position of
123 two carbon atoms, such as it occurs in positional fatty acid isomers, could induce differences of
124 biological and biophysical properties. The overall aim of this study is to contribute to the debate on
125  lipidomics in cancer cells providing novel information on MUFA metabolism and endogenous
126  PUFA formation.

127  2.Results
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128  2.1. Effect of C16 fatty acid supplementation on cell viability

129 Caco-2 cells were treated with three fatty acid supplementations (palmitic, palmitoleic and
130 sapienic acids) and the cell viability was evaluated at concentrations ranging from 100 to 300 pM
131 (100, 150, 200, 250, 300 uM) at different times up to 96 hours, as shown in Figure 2 (panel A),
132 expressing the percentage of viability compared to control cultures as mean + SD of three different
133 experiments. At 100 uM concentration only palmitic acid was able to affect cell viability with a range
134 of 20-40% cell viability reduction observed in the interval of 24-96 hours, becoming significant after
135 24 hours. At 150 uM concentration palmitic acid caused a marked reduction of cell viability that
136 decreased to almost 50% of control values after 24 hours, and became almost 5% after 48-96 hours.
137  The two MUFAs showed a marked dose-effect relationship, with significant viability reduction
138  compared to control cells at 200 uM, about 60% for sapienic acid after 72-96 hours and 80% for
139 palmitoleic acid after 24-96 hours. The highest toxic effect was reached for both fatty acids at 300 pM
140 concentration, reducing cell viability almost to 0% for palmitoleic acid, whereas viability was not
141  absent for sapienic acid, being reduced at 25% after 24 hours and later. At low concentrations
142 (100-200 uM) palmitoleic and sapienic acids gave a similar effect on Caco-2 cells, except for 200
143 uM-72h, condition in which sapienic acid was more toxic than palmitoleic (p<0.0001). At higher
144 concentrations (250 and 300 uM) palmitoleic acid resulted significantly more toxic than sapienic acid
145  (p<0.0001). The concentration of each fatty acid required to reduce the Caco-2 cell viability to 50%
146  (ECs) was calculated from each dose-response curve by linear regression analysis (Table 1). After 24
147 hours incubation, the ECsos of the three fatty acids were in the same concentration range (see Table
148  1). Instead, at 48 hours and later, the ECso of palmitic acid resulted 2-2.3 fold lower (99.6-101.1 uM)
149  than that calculated for the two unsaturated fatty acids (palmitoleic acid: 200-214.3 uM; sapienic acid
150  230.2-232.3 uM).

151 Table 1. Fatty acid ECso (uM) estimated on Caco-2 cell viability after the indicated incubation times.
152 ECso is the concentration of fatty acid required to reduce Caco-2 cell viability by 50%, calculated by
153 linear regression. Viability was evaluated measuring MTS reduction.
FATTY ACID 24h 48h 72h 96h
Palmitic acid 218.9 105.5 99.6 101.1
Palmitoleic acid 240.7 217.0 214.3 200.5

Sapienic acid 262.1 245.3 230.2 232.3
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155 Figure 2. Panel A: Effect of fatty acid supplementation on Caco-2 cell viability expressed as relative
156 percentages compared to control cells without supplementation. Cell viability was evaluated by a
157 colorimetric assay based on MTS reduction. Cells were exposed for different times to the indicated
158 concentrations of palmitic, palmitoleic or sapienic acids. Results are means+SD of three different
159 experiments expressing the percentage of viability compared to control cultures. Values of SD never
160 exceeded 15%. Data were analysed by ANOVA/Bonferroni test, followed by a comparison with
161 Dunnett’s test (confidence range 95%; *p<0.05, **p<0.01, **p<0.001, ***p<0.0001 versus untreated
162 cells). Panel B: Appearance of Caco-2 cells supplemented with different fatty acid concentrations for
163 24 h. Cell morphology was assessed by phase contrast microscopy after the exposure to the indicated
164 concentrations of the three fatty acids. The cell morphology of control cells is also shown.
165 Magnification 200x.

166  2.2. Effect of C16 fatty acid supplementation on cell morphology

167 The morphology of Caco-2 cells exposed to 150, 250 and 300 uM fatty acid concentrations was
168  assessed by phase contrast microscopy after 24 hours (Figure 2, panel B). All the treatments caused
169  marked alterations of cell morphology in comparison with control cultures. Cells treated with
170  palmitoleic and sapienic acids presented lipid droplets into the cytoplasm due to lipid accumulation.
171  Droplets were present at 150 uM concentration and resulted strongly augmented when cells were
172 treated with 250 pM fatty acids. At 300 pM concentration, beside the cytoplasmic lipid
173 accumulation, there were evident reduction of the cell population and typical apoptotic changes in
174 the residual cell population. Differently, cells treated with palmitic acid did not show presence of
175  cytoplasmic droplets but they appeared in a reduced number of cell viability and with a peculiar
176  “geometric aspect”. These morphological changes in Caco-2 cells treated with high palmitic acid
177  concentrations were previously described by van Greevenbroek [39].

178  2.3. Evaluation of death pathways after C16 fatty acid supplementation

179 To evaluate the death pathways involved in Caco-2 cell death induced by the three fatty acids, a
180  further series of experiments was carried out. Being different the concentrations affecting cell
181  viability (see Figure 2, panel A), we chose the minimum concentration of each fatty acid, causing
182  about 75-80% reduction of cell viability after 48 hours, i.e.: 150 uM palmitic acid, 250 pM palmitoleic
183  acid and 300 uM sapienic acid. Double staining with AnnexinV (AnnV)/Propidium Iodide (PI)
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184  showed that, after 24h, 42% of Caco-2 cells treated with palmitic acid were positive only to PI and
185  about 5% were positive to AnnV. A different behaviour was observed with the two unsaturated fatty
186  acids: the cells positive only to PI were 4.3 and 5.5%, whereas the cells positive to AnnV were 14.6
187  and 18.7%, for palmitoleic and sapienic acid respectively (Figure 3A). To demonstrate the
188  involvement of caspase-dependent apoptosis, caspase 3/7 activation was measured in cells exposed
189  to fatty acids for different incubation times, ranging from 8 to 24 hours (Figure 3B). The data showed
190  the activation of effector caspases, which becomes significant after 24 hours. In contrast with the data
191  obtained by AnnV/IP staining, the higher caspase activation was reported for palmitic acid, reaching
192 about 300% of untreated control values. To better clarify the conflicting results obtained by the
193 AnnV/PI staining and caspase 3/7 activity, we followed an indirect approach, by evaluating the
194  possible protective effect on cell viability of two inhibitors of specific pathways of cell death: the
195  pan-caspase inhibitor Z-VAD and the necroptosis inhibitor Necrostatin-1. Z-VAD irreversibly binds
196  to the active site of caspases; Necrostatin-1 inhibits the kinase activity of Receptor Interacting
197  Protein-1 (RIP-1). Both Z-VAD and Necrostatin-1 were able to significantly protect Caco-2 cells from
198  death induced by fatty acids, indicating the involvement of both apoptotic and necroptotic death
199  mechanisms (Figure 3C). We also evaluated p38 and cPLA: phosphorylation in Caco-2 cell lysates
200  following supplementation with the three fatty acids by Western blot analysis at 1 hour and 3 hours
201  incubation times, controlling that the total cell contents of p38 and cPLA:2 remain almost unaltered
202  (see Supplementary Information, Figure S1: Western blot analyses of p38 (A) and cPLA2 (B) total
203 proteins and phosphorylated forms in Caco-2 cells after supplementation with palmitic (16:0),
204  palmitoleic and sapienic acids). In Figure S1 the band intensities of p38 and cPLA2 phosphorylated
205  forms are expressed as percentage of control samples, after normalization to the intensity of the
206  corresponding total form. The p38 mitogen-activated protein kinases are a class of enzymes,
207  activated by several stress stimuli, i.e. cytokines, ultraviolet irradiation, heat shock, and
208  hyperosmolality. They are involved in several important cellular pathways, as cell differentiation,
209  apoptosis and autophagy. Their activation via phosphorylation (p-p38) increases the enzymatic
210  activity of several substrates, such as cPLA: [40] In its turn, the activated/phosphorylated form of
211 cPLA:2 (p-cPLA2) is known to be a central regulator of stimulus-coupled cellular arachidonic acid
212 mobilization, exhibiting a significant selectivity toward phospholipids bearing arachidonic acid. In
213 our experiments, we showed that cells treated with palmitic, palmitoleic and sapienic acids showed
214 a quite similar behaviour in the pathway of activation of p38 and cPLA>. The p38 activated forms
215 were significantly increased, reaching value of about 150% (after 1 hour). The amount of p-p38
216  resulted slightly, but not significantly, decreased after 3 hours of incubation (Figure S1, panel C).
217  Phosphorylation of cPLA: in Caco-2 cells supplemented with the three fatty acids showed a similar
218  trend than p-p38, but higher amounts of phospho-forms respect to controls were measured, reaching
219  value of about 290-340% after 1 hour and 250-300% after 3 hours (Figure S1, panel D).
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Figure 3. Evaluation of death pathways triggered by fatty acids on Caco-2 cells. (A) The presence of
apoptotic/necrotic cells was investigated after AnnexinV/PI staining and flow cytometry analysis.
Representative plots of AnnexinV (FITC channel)/PI (PE channel) staining of Caco-2 cells are shown.
(B) Caspase 3/7 activation was evaluated by a luminometric assay. Cells were exposed for 8, 16 or 24
h to 150 uM palmitic acid, 250 uM palmitoleic acid and 300 uM sapienic acid (at these concentrations
75-80% reduction of cell viability is observed). (C) Caco-2 cells were pretreated for 3h with the
pan-caspase inhibitor Z-VAD or with the necroptosis inhibitor necrostatin-1 (Nec-1) and then treated
with 150 uM palmitic acid, 250 uM palmitoleic acid and 300 pM sapienic acid. Cell viability was
measured after 48 hours. Results are means of three different experiments each performed in
triplicate and they represent the percentage of control values obtained from cultures grown in the
absence of fatty acid. S.D. never exceeds 15%. (***, p<0.001; ****, p<0.0001).

2.4. Fatty acid-based membrane lipidomic monitoring

The monitoring of membrane fatty acids was carried out in Caco-2 cells after 0.5, 1, 3 hours and
at 24 hours of incubation with palmitoleic, sapienic and palmitic acids at 150 uM and 300 uM.
Changes were statistically evaluated in comparison with cells without supplementation at the same
conditions and incubation times in triplicates. We were aware of importance of the culture-related
factors for the homogeneity of cell characteristics and precise evaluation between treated and
untreated cells, therefore specific care was taken in the methods and sample preparation according
to literature [38]. We followed published protocols for membrane isolation and preparation of fatty
acid methyl esters (FAME) for gas chromatographic (GC) analysis [35,36,22], especially regarding
the hexadecenoic acid isomer separation and recognition. In the present work an accurate calibration
for fatty acid quantitation was performed, and for two FAMEs, namely 8cis-18:1 and 5cis,8cis-18:2,
calibration parameters were established in our conditions as reported in Supplementary information
(S1 Protocol). In Supplementary Information, all the quantitative analyses of Caco-2 cell fatty acid
composition with 150 and 300 uM fatty acids in comparison with controls are collected in Tables,
indicating their content in ug/mL as mean values * s.e.m., as follows: a) membrane phospholipids
monitoring at 0.5, 1, 3 hours (Tables S1-56), b) membrane phospholipids after 24 hours of treatment
(Tables S7-S8); c) triglyceride fatty acid composition after 24 hours treatment with palmitic and
palmitoleic acids (Table S9) and triglyceride fatty acid composition with sapienic acid at 0.5, 1, 3, 24

d0i:10.20944/preprints201902.0082.v1


http://dx.doi.org/10.20944/preprints201902.0082.v1
http://dx.doi.org/10.3390/ijms20040832

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 February 2019 d0i:10.20944/preprints201902.0082.v1

8 of 20

250  hours (Tables S10-511); d) cholesteryl ester fatty acid composition, a lipid class found only in cells
251  supplemented with sapienic acid (Table S12).

252 As a consequence of the c-PLA: activation at short incubation times (Figure S1), the membrane
253 phospholipid remodelling can occur according to the well known Lands’s cycle [31]. Therefore, we
254 followed the membrane fatty acid content variations in the first 3 hours of incubation with 150 uM
255  supplementation of the three fatty acids. The results are summarized in Table 2 showing all
256  statistical significant variations of membrane fatty acid levels respect to controls, in terms of increase
257 (1) and decrease (|). Immediately after 30 minutes of sapienic acid supplementation the
258  incorporation in membrane phospholipids of its elongation product 8cis-18:1 and, after 1 hour, of the
259 subsequent desaturation product, sebaleic acid 5cis,8cis-18:2, was found, evidently following the
260  metabolic pathways shown in Figure 1 (see Tables S3 and $4 for the values). In the same time frame
261 150 uM palmitoleic acid supplementation gave different results, with an immediate and  significant
262 incorporation of this fatty acid together with other two SFAs (palmitic acid and 20:0) in membrane
263 phospholipids. It is worth noting that palmitic acid supplementation did not produce changes at 30
264  minutes (values are reported in Tables S5 and S6 of Supplementary Information). One hour after,
265  under 150 uM supplementation of palmitoleic acid the membrane PUFA content changed with the
266  significant diminution of two n-6 fatty acids (20:3 and 20:4, dihomo gamma linolenic acid and
267  arachidonic acid, respectively) and one n-3 fatty acid (22:5, docosapentaenoic acid). Interestingly, the
268  supplementation of sapienic acid at identical time and concentration gave a different outcome, with
269  increases of arachidonic acid (20:4), n-10 MUFA 8cis-18:1 and the PUFA sebaleic acid (5cis,8cis-18:2)
270  in membrane phospholipids, whereas n-3 fatty acid levels were not affected.

271 After 3 hours the PUFA scenario in cell membrane phospholipids changed for both positional
272 isomers, producing the diminutions of omega-6 arachidonic and linoleic acids. Total omega-6
273 content after 3 hours was reduced in cell membranes with all the three supplementations.

274 In 24 hours incubation with 150 uM of the three fatty acids the membrane lipidome of Caco-2
275  cells was profoundly changed (Table S7) and it is very interesting to note that in case of sapienic acid
276  the membrane phospholipid content of 8cis-18:1 (327.2+10.5 og/uL) is similar to 9cis-18:1 (320.7+89.6
277  og/uL), the latter being oleic acid, the most present MUFA in cells and cell membranes.

278 The analytical procedures for positional fatty acid isomer analysis were carried out using
279  appropriate methodologies, i.e, dimethyl disulphide (DMDS) and iodine [42,43], as described in
280  the Methods. In Supplementary Information representative traces of GC and GC-MS analyses of
281  DMDS adducts are reported (Figure S2: GC analysis (A) and mass spectra (B) of the DMDS adducts
282 of fatty acid methyl esters obtained from membrane phospholipids in the fatty acid supplementation
283 experiments). In this protocol we also determined the presence of geometrical trans isomers of the
284  unsaturated fatty acids (Tables S1-512 in Supplementary Information), in particular evidencing the
285  trans isomers of palmitoleic and sapienic acids (9trans-16:1 and 6trans-16:1) as well as the trans
286  isomer of oleic acid (9trans-18:1) and the total trans isomer content. It is not the scope of this paper to
287 focus on the follow-up of the trans isomer formation, however it is worth noting that at short time
288 (up to 3 hours monitoring) trans isomer levels were not significantly affected by the MUFA
289  supplementation. After 24 hours incubation with 300 uM sapienic acid the trans isomer content in
290  membranes was significantly increased (Table S8), whereas with 300 uM palmitic acid it was
291  significantly increased in 1 hour and then reduced after 24 hours (cfr., Tables S6 and S8).

292 The high fatty acid concentration used (300 uM) of the three fatty acids takes into account that
293 in case of palmitoleic acids this is a critical concentration causing cell death, whereas for sapienic
294 acid the cell viability remains at 25%. The fatty acid based-membrane phospholipid analysis up to 24
295  hours is reported in Supplementary Information (Tables S2, 54, S6, S8).

296
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Table 2. Statistically significant trends of fatty acids in membrane phospholipids (increase 1 or
decrease|) after treatment with 150 uM PO (palmitoleic acid), SA (sapienic acid) and PA (palmitic
acid) in the interval time of 0.5-3 hours. The analysis of fatty acid as methyl esters (FAME) was
carried out as reported in Experimental Section 2. Values are presented in Tables S1, S3 and S5 in
Supplementary Information. Significance: * = p value < 0.049,** = p value < 0.009; *** = p value <
0.0001.

PO SA PA PO SA PA

Fatty acid PO 0.5h SA05h PAO0.5h 1h 1h 1h 3h 3h 3h

16:0 1* e TR
6cis-16:1 Taex-x- i* T***
9cis-16:1 1 1 ot
18:0 1 I* I*
8cis-18:1 1% o 1o
5CiS,8CiS-18:2 T** l** Tx-x- lx-x-
18:2 n-6 l>(- lx-
20:0 P prex * 1*
20:3 n-6 l* lx—x—*
20:4 n-6 I * *
20:5n-3
22:5n-3 i** i*
22:6 n-3 *
SFA l* i*
MUFA T* T>(~ Taex-
Total PUFA 1* *
PUFA n-6 l* lx-s(-ﬁ- ls(- lﬁ-
PUFA n-3 1 * 215 For

comparison, Figure 4 shows the membrane phospholipid content build-up of sapienic acid
concentration and of its n-10 metabolites, 8cis-18:1 and sebaleic acid (5cis,8cis-18:2), the n-6
arachidonic acid (20:4) and the n-3 22:6 docosahexaenoic acid (DHA) (as % of controls), for the
supplementations of 150 uM (panel A) and 300 uM (panel B) sapienic acid in function of time (0.5, 1,
3, 24 h) (values in Tables S3-S4 and Table S7). At high dosage of 300 uM sapienic acid it was
interesting to observe the significant diminution of the n-3 DHA after 3 hours (Figure 4, Panel B; see
also Table S4).

A B
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Figure 4. Time monitoring of significant MUFA and PUFA changes in membrane fatty acids of
Caco-2 cells (reported as % of controls) treated with sapienic acid. (A) 150 uM and (B) 300 uM. The
corresponding quantitative values are reported in Supplementary Information (Tables S3, 54, S7).
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331 The grey bar indicates the values of control cells. Numbers in parenthesis indicate the statistical
332 significance value: 1= p value <0.047; 2 = p value < 0.0097; 3 = p value < 0.0009 for panel A; 1=p value
333 <0.0485, 2 = p value < 0.0073, 3 = p value < 0.0009 for panel B.
334 Since formation of lipid droplets was evidenced in the microscope images (Figure 2, panel B),

335  we treated the whole cell lipid extract of all experiments to evaluate the presence, separate the
336 triglyceride fraction and examine their fatty acid contents, as described in the Methods.
337  Triglycerides were isolated in palmitoleic and palmitic acid supplementations after 24 hours
338  incubation at 150 and 300 uM (Table S9). For sapienic acid supplementation, triglycerides were
339  formed and isolated at all incubation times and at both concentrations used (150 pM and 300 uM in
340  Tables S10 and S11, respectively). We were particularly interested to the behaviour of sapienic acid
341  in such lipid class since this fatty acid is known to be associated with triglyceride composition in
342 human sebum, as explained in the introduction [21], but no other information are available on its
343 fatty acid metabolites. After 1 hour an increase of sapienic acid in triglycerides up to 174.9+1.5
344  ug/mL was detected and at 24 hours this value was reduced to 62.120.3 pg/mL (Supplementary
345  Information, Table S10). The two metabolites of sapienic acid, 8cis-18:1 and 5cis,8cis-18:2, were
346 increasingly present in triglycerides along the incubation time, correspondently to their increases in
347  membrane lipidome (see Figure 4, panel A). It is worth noting that in all experiments we found oleic
348  acid (9cis-18:1) to be the most representative MUFA in triglycerides.

349 Another interesting observation was that the lipid class of cholesteryl esters was formed only in
350  the sapienic acid supplementation. This class was present at 1 and 3 hours incubation and its full
351  fatty acid composition was determined evidencing the presence of n-10 MUFA and PUFA fatty acids
352 (Table S12).

353 2.5. Generalized Polarization (GP) of plasma membrane in Caco-2 cells

354 Information on the changes that the three fatty acids induce to the biophysical cell properties
355  was obtained by generalized polarization (GP), a parameter yielding information on the fluidity of
356  membranes, determined by using the Laurdan two-photon fluorescent microscopy [40,41]. Laurdan,
357  2-dimethylamino(6-lauroyl)naphthalene, is a fluorescent dye highly sensitive to the presence and
358  mobility of water molecules within the membrane bilayer, yielding information on membrane
359  fluidity by a shift in its emission spectrum [40]. Laurdan exhibits an emission spectral shift
360  depending on the lipid phase state, i.e. bluish in ordered, gel phases and greenish in disordered,
361  liquid-crystalline phases. Laurdan distributes equally between lipid phases and does not associate
362  preferentially with specific fatty acids or phospholipid headgroups. In Figure 5 are shown the results
363  after 4 hours incubation of the Caco-2 cells under 150 uM supplementation of palmitic, palmitoleic
364  and sapienic acids. In Figure 5A, representative Laurdan fluidity maps of Caco-2 cells are reported
365  for untreated cells (Ctrl), and 150 uM of each fatty acid in a two-colored pseudoscale, spanning from
366  red (low GP, correspondent to a very fluid, disordered liquid crystalline state) to green (high GP,
367  correspondent to less fluid, ordered gel-like state). In all cases, high GP values are evident on
368  membranes, which are generally less fluid than inner organelles in the cells [40,41,44]. Due to
369  optimal resolution, in case of sapienic acid-treated cells it is evident from the pseudo-colored fluidity
370  scale that the cytoplasmic compartment is more fluid. The reason for such different distribution
371  obtained with sapienic acid compared to palmitoleic acid (Figure 5, panel A, bottom) is not
372 straightforward, considering the little difference between these two structures, differing only by the
373 two-carbon atoms shift of the double bond position. The images also allow the plasma membrane,
374  perinuclear and cytoplasmic organelles as well as lipid droplets to be examined in controls and other
375  fatty acid treatments. These preliminary observations encourage more studies to be carried out using
376  this powerful tool.

377 To detail the behavior of the fluidity distribution, in Figure 5B GP histograms of the fluidity
378  images are reported, calculated as the normalized number of pixels with a particular value of
379  fluidity (GP). The range of the histograms goes from 0 (very fluid regions) to 1 (very rigid regions).
380  The histogram of untreated cells (Ctrl) is bimodal: there is a peak of a more fluid region (perinuclear
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381  and cytoplasmic) at 0.41, and another of a less fluid region (mainly plasma membranes) at 0.61. The
382  mean value of the histogram is 0.44 (Figure 5C). The effect of palmitic acid on the membrane
383  physical state is a transition to a more ordered, gel like state, as noticeable in the histogram by the
384  coalescence of the two peaks in a single peak at 0.63 (mean value 0.57, Figure 5C).
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386 Figure 5. Membrane fluidity of Caco-2 cells resulting from different fatty acid supplementations.

387 (A) ratiometric Laurdan fluidity maps of representative Caco-2 cells are reported after 4 hours
388 for untreated cells (Ctrl), palmitic acid (16:0), palmitoleic acid (9cis-16:1) and sapienic acid
389 (6¢is-C16:1) 150 puM treatments in a two-colored pseudoscale, spanning from red (very fluid) to
390 green (very rigid). Scale bar is 20 pm. (B) GP histograms of the fluidity images for (from top to

391 bottom): untreated cells (Ctrl), palmitic acid (16:0), palmitoleic acid (9cis-C16:1) and sapienic acid
392 (6¢is-C16:1). The range of the histograms goes from 0 (very fluid regions) to 1 (very rigid regions).

393 (C) Mean Values of GP histograms for the different treatments (*p<0.05 compared to Ctrl).

394 Palmitoleic acid shows a GP behavior intermediate between palmitic acid and sapienic acid,

395  with a less pronounced transition to a less fluid, ordered state (mean value 0.57, Figure 5C). In the
396  case of sapienic acid there is a much less marked transition, as evidenced from the smallest mean
397  value variation respect to control cells, and from the less evident coalescence of the two peaks (mean
398  value 0.48, Figure 5C bottom graph). The data of the treated cells are statistically evaluated, as
399  described in the Methods, and appear to be significant compared to controls (p<0.05).

400 3. Discussion

401 Palmitic acid (16:0) is a common fatty acid present in the diet having not a negative effect on the
402 viability of Caco-2 cell type [38,39], as also assayed in our conditions evaluating the ECso (at 24 hours,
403  ECs0=218.9 uM, see Table 1). It is interesting to note that only palmitic acid halved its ECso to 100 uM
404  in the time window 48-96 hours, whereas for the C16 MUFAs the ECso decreased of ca. 12-17%
405  respect to the 24 hours values (cfr., Table 1). By establishing the ECso values, we proved that the two
406  MUFA positional isomers are quite tolerated for 24 hours at high concentrations (ECso = 240.7 uM for
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407  palmitoleic acid and 262.2 uM for sapienic acid, see Table 1). These ECso thresholds did not change
408  significantly for long incubation times up to 96 hours. These data ensured also that 150 uM, although
409  not certainly similar to “nutritional” doses, was not producing toxic effects in the time window of
410  our observations, so that the metabolic changes did not express any evident cell impairment. The
411  death pathways were also followed and the caspase activation, reported in Figure 3B, suggests that
412 palmitic acid is able to trigger apoptosis as well as to activate the necroptotic process. In case of
413 palmitic acid we can interpret the low percentage of AnnV positivity (see Figure 3A) not as a lack of
414  apoptotic cells, but as a consequence of the profound membrane alterations, due to the high
415  incorporation of palmitic acid, as shown by the membrane lipid remodelling. This could prevent the
416  flip-flop of phosphatidylserine residues to the outer face of the plasma membrane and the
417  consequent binding of AnnV. Indeed, decreased fluidity parameters occurring during the
418  cultivation with saturated fatty acid combinations in Caco-2 cell lines were previously examined
419  [38].In our previous studies using 150 M palmitic acid supplementation in neuroblastoma cell lines
420  [35] we were able to demonstrate that apoptosis was reverted either by washing the cell medium
421  after 1 hour supplementation (pulse and chase experiment) or by associating oleic and arachidonic
422  acids to this saturated fatty acid in a mixed supplementation. Since a role for lipoapoptosis is
423 proposed in the fatty acid supplementation [46], we could prove that, beside the lipid quantity, the
424 quality of lipids is a strong driver of the cell fate. This is an important molecular basis to consider in
425  lipid metabolic changes connected to favourable conditions for the tumor onset or development, and
426  indicates the need of investigations on lipid strategies, using also nutritional sources and deepening
427  their influence on pharmacological treatments. The work presented here is addressed to palmitic
428  acid biochemistry forming MUFAs, a fundamental step for cancer cells, also emerging for
429  therapeutic applications [13-17,47]. Using the two MUFA positional isomers we could simulate the
430  effects of the n-7 series with palmitoleic acid, for the prevalence of delta-9 desaturase, and of the n-10
431  series with sapienic acid for the prevalence of delta-6 desaturase, as depicted in Scheme 1 of the
432 Introduction. It is worth noting that these two MUFAs are not principally present in foods, therefore
433 they are mainly connected to metabolism and are proposed as biomarkers of the partition of palmitic
434 acid between the two desaturase enzymes, in the onset of cancer or other diseasesand in the study of
435  genetic polymorphisms of corresponding genes [27,48].

436 Palmitoleic and sapienic acids have a different fate in cells and at short times (0.5, 1, 3 hours)
437  distinct metabolism was evidenced (cfr., Table 2), with a very rapid elongation of sapienic acid to
438  8cis-18:1 and incorporation in membrane phospholipids, as well as in other lipid classes..
439  Remarkably, the quantity of 8cis-18:1 in membrane phospholipids becomes practically similar to
440  9cis18:1 (the main MUFA in human cell membranes of all tissues) after 24 hours at 150 uM sapienic
441  acid supplementation, indicating a previously unknown capability of the former to act as an
442 important fatty acid component in cell membranes.

443 Moreover, for the first time in cancer cell metabolism it was also shown the rapid incorporation
444  in membrane phospholipids of sebaleic acid, the n-10 PUFA obtained from the 8¢is-18:1 desaturation
445 (see Figure 1, Table 2 and Figure 4). The significant diminution of SFA (both 16:0 and 18:0, i.e.,
446  palmitic and stearic acids, respectively) at 3 and 24 hours is another distinction from palmitoleic acid
447  that can have influence on the membrane biophysical characteristics. In fact, the GP measurements
448  after 4 hours clearly showed the peculiar effects of sapienic acid compared to its positional isomer
449  (Figure 5). The fluidity parameter was well differentiated between the two positional MUFA isomers
450  with a diffuse effect of increased fluidity in all compartments in case of sapienic acid. The formation
451 of n-10 MUFA, the PUFA sebaleic acid and the diminution of SFA can clearly contribute to the
452  increase of fluidity observed in the cells.

453 The present investigation on sapienic acid supplementation expands knowledge on this
454  hexadecenoic acid isomer, already known in bacteria [49-51], by addressing for the first time its fate
455  in a popular human cancer cell model as Caco-2 cells. Since sapienic acid metabolism so far is
456 prevalently connected to as component of human sebum [19,20,29,49], our findings suggest a
457  previously unknown “systemic” effect due to its incorporation in cell lipidome. To our knowledge
458  only one report describes the metabolism starting from sebaleic acid concerning human neutrophils
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459  with an interesting transformation to a chemoattractant by oxidative enzymatic pathways [52]. In a
460  recent paper on phagocytic cells [28] some more information on sapienic acid was reported: in
461  murine macrophages it showed anti-inflammatory activity at 25 uM concentrations, higher that
462 those required for the same activity for n-7 and n-9 hexadecenoic MUFA; in murine RAW264.7 and
463 P388D: cell line it was detected at comparable levels with n-7 isomer and higher than n-9 isomer; in
464  THP-1, a human cancer cell line, reported high level of this n-10 MUFA. However, no follow-up of
465  the sapienic acid metabolism to n-10 PUFA was reported. We underline that the de novo n-10 PUFA
466  synthesis is a new aspect in cell biochemistry, which must be addressed for all types of eukaryotic
467  cells, which are incapable of de novo synthesis of essential n-6 and n-3 PUFA [53]. Sebaleic acid can
468  indeed be the first and the only de novo synthesized PUFA, as demonstrated here in human Caco-2
469  cells, in connection with the partition of palmitic acid between delta-6 and delta-9 desaturase
470  enzymes, and possibly with genetic polymorphism [23,48].

471  Finally, it is worth underlining that the need of robust and standardized analytical protocols for
472 lipidomics is well recognized [54], and sebaleic acid recognition was an unaddressed challenge with
473 its mass exactly the same with linoleic acid (9cis,12cis-18:2). In fact, its structure with 18 carbon atoms
474  chain and two double bonds separated by a methylenic carbon atom is an isomeric structure of the
475  n-6linoleic acid, having double bonds in C5 and C8 instead of C9 and C12. The GC analysis is a gold
476  standard for resolving these two PUFA isomers (see Figure S2 in Supplementary Information).
477  Remarkably, it was not noted in previous analyses of Caco-2 cell fatty acid supplementations [37-39].
478  We added the DMDS-adducts formation and corresponding mass spectrometry recognition of
479  fragments (Figure S2 of Supplementary Information) for the unambiguous assignment of MUFA
480  and PUFA in our samples.

481 More work in other cell and disease models is in progress in order to thoroughly assess the full
482  metabolic scenario with possible implications of the positional isomerism for health. These findings
483 can be also extended to the studies of exosome composition in normal and tumoral cells [55].

484 4. Materials and Methods

485 Sapienic acid and the corresponding methyl ester, 8cis-18:1 methyl ester, sebaleic acid methyl
486  ester were purchased from Lipidox (Lidingd, Sweden); palmitic acid, palmitoleic acid,
487  commercially available cis and trans FAME, dimethyl disulphide, iodine, RPMI 1640, Fetal Calf
488  Serum (FCS), L-Glutamine, antibiotics, trypan blue and trypsin/EDTA, necroptosis inhibitor
489  necrostatin-1 (Nec-1), dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (San Louis,
490 MO, USA), and used without further purification; chloroform, methanol, diethyl ether and n-hexane,
491  were purchased from Baker (HPLC grade) and used without further purification. Flasks and plates
492 were from Falcon, BD Biosciences (Franklin Lakes NJ USA). CellTiter 96 Aqueous One Solution Cell
493  Proliferation Assay and Caspase-Glo™ 3/7 luminescent assay were from Promega Corporation
494  (Madison, WI, USA); the AnnexinV-EGFP Apoptosis Kit was purchased from BioVision, Inc.
495 (Milpitas, CA, USA); the pan-caspase inhibitor
496  carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone ~ (Z-VAD-fmk,  hereinafter
497  indicated as Z-VAD) was purchased from Vinci-Biochem (Florence, Italy). Laurdan,
498 2-dimethylamino(6-lauroyl)naphthalene (Laurdan, Molecular Probes, Inc., Eugene, OR, USA); other
499  reagents used were from Carlo Erba, Milan, Italy.

500 Silica gel analytical and preparative thin-layer chromatography (TLC) was performed on Merck
501  silica gel 60 plates, 0.25mm thickness, and spots were detected by spraying the plate with cerium
502  ammonium sulfate/ammonium molybdate reagent.

503 Fatty acid methyl esters (FAME) were analyzed by GC (Agilent 6850, Milan) equipped with a
504  60m x 0.25mm x 0.25um (50%-cyanopropyl)-methylpolysiloxane column (DB23, Agilent, USA), and
505  aflame ionization detector with the following oven program: temperature started from 165 °C, held
506  for 3 min, followed by an increase of 1 °C/min up to 195 °C, held for 40 min, followed by a second
507  increase of 10 °C/min up to 240 °C, and held for 10min. A constant pressure mode (29 psi) was
508  chosen with helium as carrier gas. Methyl esters were identified by comparison with the retention
509  times of authentic samples. Calibration procedures for quantitative analyses followed reported
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510  procedures [21], using a C17:0 fatty acid as internal standard, whereas for fatty acids such as
511  8cis-18:1 and 5cis,8cis-18:2 data are given in the protocol reported in Supplementary Information.
512 The data are given as pg/mL of the FAME identified in three independent experiments, and values
513  arereported as mean + s.e.m. (standard error of the mean).

514 Dimethyl disulphide adducts of FAME were analyzed by GC-MS (Thermo Scientific Trace
515 1300) equipped with a 15m x 0.25mm x 0.25um TG-SQC 5% phenyl methyl polysiloxane column,
516  with helium as carrier gas, coupled to a mass selective detector (Thermo Scientific ISQ) with the
517  following oven program: temperature started at 80 °C, maintained for 2 min, increased at a rate of 15
518  °C/min up to 140 °C, increased at a rate of 5 °C/min up to 280 °C and held for 10 min.

519 Viability was evaluated by measuring absorbance at 490 nm by a microtiter plate reader
520  Multiskan EX (ThermoLabSystems, Basingstoke, UK). Phase contrast microscopy was carried out
521  with a Nikon Eclipse TS100 (ChiyodaTokyo, Japan) microscope equipped with a digital camera.
522 Flow cytometry analysis was performed on a FACSAria BD Analyser using FACSDiva software
523 (Becton, Dickinson and Company, Franklin Lakes, NJ, USA).

524 Laurdan intensity images were obtained with an inverted confocal microscope (SP2, Leica
525  Microsystems, Germany) using a 63x oil immersion objective (NA 1.4) under excitation at 800 nm
526  with a mode-locked Titanium-Sapphire laser (Chamaleon, Coherent, Santa Clara, CA). Internal
527  photon multiplier tubes collected images in an eight bit, unsigned images at a 400 Hz scan speed.
528  Laurdan intensity images were recorded simultaneously with emission in the range of 400-460 nm
529  and 470-530 nm and imaging was performed at room temperature. A stack consisting of 10
530  z-sections every 2 uM was acquired for each field of view. Frequency represents the normalized
531  number of pixels per cell having a specific GP value. The analysis was performed on n=80 cells per
532 sample before and after 4h of the specific treatments.

533 4.1. Cell Cultures

534 Caco-2 cells (ATCC® Number: HTB-37™), derived from a human colorectal adenocarcinoma
535  were from the departmental cell collection. Cells were cultured at 37 °C in humidified atmosphere at
536 5% CO2 in RPMI 1640 supplemented with 10% heat-inactivated FCS, 2 mM L-Glutamine, 100
537  units/mL Penicillin, 0.1 mg/mL Streptomicin (hereafter referred to as complete medium). Cultures
538 were maintained in the log phase of growth with a viability >95%. Cells were checked for the
539  absence of Mycoplasma infection.

540  4.2. Cell viability evaluation

541 Caco-2 cells (2x10° cells/well) were seeded onto 96-well microtiter plates in 100 uL of complete
542 medium. After 24 h, the medium was removed from each well and the fatty acids, dissolved in
543  ethanol, adjusted at the final concentration, ranging from 100 to 300 uM in complete medium, were
544  immediately added to cells (final concentration of ethanol <1%). Control samples were carried out in
545  presence of ethanol at the same concentration than in FFA samples. Moreover, no variations in cell
546  viability were observed in control cells incubated in the presence or in the absence of ethanol.
547  Viability was determined after the indicated times by adding 20 uL/well of CellTiter 96 Aqueous
548  One Solution Cell Proliferation Assay, as described in [56]. The absorbance at 490 nm was measured
549  after one-hour incubation at 37 °C by a microtiter plate reader Multiskan EX (ThermoLabSystems,
550  Basingstoke, UK). Cell viability was expressed as percentage of control values obtained from
551  cultures grown in the absence of fatty acids.

552 Time-course experiments were performed using the first concentration of each fatty acid
553  causing a cell viability reduction > 75% after 48 h from the fatty acid supplementation (i.e. 150 pM
554  palmitic acid, 250 uM palmitoleic acid and 300 pM sapienic acid). Cells were exposed to fatty acids
555  for times ranging from 2 to 96 hours. The ECx (fatty acid effective concentration to reduce cell
556  viability by 50% after 48 h) and ETs (time required to reduce cell viability by 50%) were calculated
557  using linear regression analysis.

558 Cell viability was also evaluated at 24 hours in Caco-2 cells pretreated with Z-VAD (100 puM) or
559  Nec-1 (100 uM), added to cells 3 hours before fatty acid supplementation. AnnexinV and Propidium
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560 iodide positivity were detected through flow cytometry, using the AnnexinV-EGFP Apoptosis Kit,
561  asdescribed in [57]. The cells (2x105/3 mL) were seeded in 25-cm? flasks and, after 24 h, treated with
562 fatty acids. After treatment, the cells were centrifuged at 500xg for 5 min, washed in 2 mL complete
563  medium, centrifuged again and stained according to the manufacturer’s instructions. Within 30 min,
564  the cells were analysed through flow cytometry on a FACSAria BD Analyser using FACSDiva
565  software (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). The morphological analysis of
566  the treated cells was conducted through phase contrast microscopy directly in 96-well plates using a
567  Nikon Eclipse TS100 microscope.

568  4.3. Caspase Activation

569 The activity of caspase-3/7 was assessed by the Caspase-Glo™ 3/7 luminescent assay. The cells
570  (2x10%/well) were seeded onto 96-well microtiter plates in 100ul of complete medium. After 24 h,
571  cells were supplemented with 150 uM palmitic acid, 250 uM palmitoleic acid and 300 uM sapienic
572 acid. After incubation for the indicated time, the medium was removed from each well and replaced
573 with 50 uL of complete medium and 50 uL of Caspase-Glo™ 3/7 [58]. Luminescence was measured
574 by Fluoroskan Ascent FL (Labsystem, Helsinki, Finland) according to the manufacturer’s
575  instructions. Luminescence values were normalised to cell viability.

576  4.4. Western Blot Analysis of p38 and cPLA»

577 Cells (3x106/20 mL) were seeded in 75 cm? flasks and, after 24 hours, medium supplemented
578  with 150 or 300 uM palmitic acid, 250 uM palmitoleic acid or 300 uM sapienic acid was added. After
579 180 min, cells were harvested with a cell scraper, collected by centrifugation at 500x¢ for 5 minutes
580  and washed twice in PBS. Cell pellets were lysed with 100 uL of Cell Lytic-M supplemented with the
581 Protease Inhibitor Cocktail (1:100), Phosphatase Inhibitor Cocktail 1 (1:100) and
582  sodium-orthovanadate (1:500) (Sigma-Aldrich). After 45 min at 0°C and vortexing every 5 min,
583  insoluble material (nuclear pellet plus membranes) was removed by centrifugation at 12,000xg for 30
584  min at 4°C. Protein supernatant (cell lysate) was collected and stored a -80°C. Protein content was
585  quantified by spectrophotometer using Bradford’s method (Bio-Rad Protein Assay, Bio-Rad,
586  Hercules, CA, USA) and 80 pg/lane of protein were separated by SDS-PAGE (10% gel) and blotted to
587  nitrocellulose membrane (150 V for 90 min). Non-specific antibody binding sites were blocked by
588  incubation with blocking buffer, TRIS buffered saline, 0.1% Tween 20 (TBS/T) with 5% w/v non-fat
589 dry milk, for 1 hour at room temperature. After five washes with TBS/T, membranes were incubated
590  overnight at 4°C with anti-phospho-cPLA2 (Ser 505) or phospho-p38 mAbs (Cell Signaling
591 Technology, Inc.; Beverly, MA) diluted in TBS/T with 5% bovine serum albumin, according to the
592 manufacturer’s instructions. After further five washes with TBS/T, membranes were incubated for 1
593  hour at room temperature with horseradish peroxidase-conjugated anti-rabbit antibody
594  (Sigma-Aldrich) diluted in blocking buffer. After further 5 washes, proteins were detected by
595  incubating the membrane with Immobilon Western detection reagent (Millipore). The anti-phospho
596  antibodies were then stripped for 30 min in 25 mM glycine-HCI pH 2, 1% SDS (w/v), and, after
597  blocking with non-fat milk, the membrane was re-incubated with antibodies recognising total cPLA2
598  or total p38 (Cell Signaling) to account for equal loading. Proteins were detected as above. The
599  relative levels of expression of different proteins were determined using Image J software [35].

600

601  4.5. Lipid Extraction and Fatty Acid Analysis

602 A constant amount of cells (counting 6x10¢ millions of cells) in a 1.5 mL vial was added with
603 tridistilled water (2 mL) and 2:1 chloroform/methanol (4 times x 4mL of 2:1 chloroform/methanol
604  mixture) to extract lipids according to the Folch method [59]. The organic layers, dried on anhydrous
605  Na:SOs and evaporated to dryness, gave the total lipid extract that was checked by thin layer
606  chromatography for lipid class separation as previously reported [21]. In some of the cell samples
607  also triglycerides and cholesteryl esters were obtained, therefore a chromatographic separation of
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608  the lipid classes was performed and differentiated conversion of the lipid classes was performed:
609 fatty acid-containing phospholipids were transformed to the corresponding FAME by adding 0.5 M
610  solution of KOH in MeOH (0.5 mL), quenching the reaction after 10’ for PL fraction and 30" for TG
611  fraction by brine addition (0.5 mL). The derivatization of fatty acid moieties in cholesteryl esters was
612  carried out by adding 1M solution of NaOH in 3:2 MeOH/benzene (0.5 mL). The reaction was stirred
613  in the dark under argon and quenched by brine (0.5 mL) after 15 min. FAME were extracted with
614  n-hexane (3 times x 2 mL of n-hexane), dried on anhydrous Na:SOs, evaporated to dryness and
615  analyzed by GC in comparison with standard references. Detailed fatty acid compositions of each
616  lipid class identified in the experiments with 150 pM and 300 uM palmitic, palmitoleic and sapienic
617  acids supplementations are listed as og/mL in Tables S1-S13 of Supplementary Information.

618  4.6. DMDS derivatization

619 The FAME mixture obtained from the Caco-2 cells supplemented with sapienic acid was treated
620  following a previously described procedure for the assignment of the double bond position [40,41].
621  Briefly, in a Wheaton vial containing FAME in n-hexane (50uL), 100uL of dimethyl disulfide and 2
622  drops of a 6% solution of iodine in diethyl ether were added. The reaction was stirred at room
623  temperature for 30 min, under argon atmosphere. Then 1 mL of n-hexane and 1 mL of a 5% aqueous
624  solution of sodium thiosulphate were consecutively added. The organic phase was isolated, dried
625  over anhydrous Na2SOs, and concentrated under gentle stream of nitrogen, before the GC-MS

626  analysis (see Figure S2 in Supplementary information).
627

628  4.7. Laurdan two photon microscopy

629 Cells were seeded in uncoated Petri dish (cat. #80136, IbiDi) at 105 cells/well. After 48h
630  equilibration in cell incubator, cells were labeled with 1 ul of Laurdan
631  (2-dimethylamino(6-lauroyl)naphthalene) stock solution per milliliter of RPMI 1640. The stock
632  solution concentration was 1 mM in dimethyl sulfoxide (DMSO) and was renewed every three
633 weeks. After 30 minutes equilibration in the cell incubator, medium was supplemented with 150 pM
634  palmitic acid, 150 pM palmitoleic acid, and 150 pM sapienic acid. Imaging was performed before
635  treatment and after 4 hours. As a normalized ratio of the intensity at the two emission wavelengths
636  regions, the generalized polarization (GP) provides a measure of membrane order, in the range
637  between -1 (liquid-crystalline) and +1 (gel). The GP, defined as

I -GI
GP = 400469 Gl s30) _ Tta00-260) — G I(470-530) 1)
](400*460) + GI(470*530) I'ta00-160) + G I(470-530)

638  was calculated for each pixel using the two Laurdan intensity images (I (400-460) and I (470-530)) by
639  using the program Ratiometric Image processor [43,44]. The calibration factor G was obtained from
640  the GP values of solutions of Laurdan in DMSO. G factor had ~2% variation across the imaging area.
641  GP images (as eight-bit unsigned images) were pseudo colored in Image]. Background values
642  (defined as intensities below 7% of the maximum intensity) were set to zero.

643 4.8. Statistical Analysis

644 Results by cell experiments are given as mean values + SD. Statistical analyses of data from cell
645  viability, caspase experiments and Western blot analysis were conducted using the XLSTAT-Pro
646  software, version 6.1.9 (Addinsoft, 2003) using a 95% confidence interval (p<0.05). Data were
647  analyzed by ANOVA and ANCOVA with Bonferroni’s correction, followed by a comparison with
648  Dunnett’s test. Analysis of acquired images for the microscopy experiments were performed with
649  Image]. For GP data, mean+SD values were determined and utilized for two-tailed Student’s t-test
650  analysis. GP were averaged over n=80 cells per sample. Fatty acids results are given as mean + S.E.M
651  (standard error of the mean). Statistical analysis was performed using GraphPad Prism 5.0 software
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652  (GraphPad Software, Inc., San Diego, CA). We used non-parametric unpaired ¢-test two-tailed with
653 95% confidence interval.

654 5. Conclusions

655 Our work offers the first evidence that sapienic and palmitoleic acids are two positional
656  hexadecenoic fatty acid isomers with a distinct metabolism in human Caco-2 cells, the former being
657  rapidly converted to n-10 C18 MUFA and a n-10 PUFA, increasing the unsaturated fatty acid levels
658  in the cell lipidome, contributing to an increased fluidity and improving cell survival. These aspects
659  must be investigated in details in different cancer cells and conditions. The results here shown for
660  Caco-2 cells open novel perspectives for lipidomic studies in health and diseases.

661 Supplementary Materials: Supplementary materials can be found at www.mdpi.com/xxx/s1.
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678  Abbreviations

CE cholesteryl ester

DMDS dimethyl disulfide

FADS fatty acid desaturase
FAME fatty acid methyl ester

GC gas chromatography

FCS fetal calf serum

MUFA monounsaturated fatty acid
Nec necrostatin

GP generalized polarization
PL phospholipid

PLA2 phospholipase A2

PUFA polyunsaturated fatty acid
SFA saturated fatty acid

SCD stearoyl CoA desaturase
TG triglyceride

TLC thin layer chromatography
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